The deoxyribonucleic acid (DNA) of Escherichia coil B is converted by colicin E2 to products soluble in cold trichloroacetic acid; we show that this DNA degradation (hereafter termed solubilization) is subject to inhibition by infection with bacteriophage T4. At least two modes of inhibition may be differentiated on the basis of their sensitivity to chloramphenicol. The following observations on the inhibition of E2 by phage T4 in the absence of chloramphenicol are described: (i) Simultaneous addition to E. coli B of E2 and a phage mutated in genes 42, 46, and 47 results in a virtually complete block of the DNA solubilization normally induced by E2; the mutation in gene 42 when E2 and a phage mutated in both genes 42 and denA are added to E. coli B, extensive solubilization of DNA occurs with a pattern identical to that observed upon simultaneous addition of E2 and the gene 42 mutant. (v) However, delaying E2 addition for 10 min after infection by this double mutant allows the phage to develop considerable inhibition of E2. (vi) Adsorption of E2 to E. coli B is not impaired by infection with phage mutated in genes 42, 46, and 47. In the presence of chloramphenicol, the inhibition of E2 by the triple-mutant (genes 42, 46, and 47) still occurs, but to a lesser extent.
Colicin E2 is a bactericidal protein that has a molecular weight of approximately 60,000 (12) . It belongs to a class of antibiotics termed colicins, which kill sensitive strains of coliform bacteria by a variety of biochemical mechanisms (22, 24) . Apparently, colicins do not traverse the bacterial plasma membrane (20, 25, 31) , and yet they kill sensitive bacteria with single-hit kinetics (15, 26) . Plausible modes of action of colicins have been proposed by Changeux and Thiery (3), Luria (19) , and by Nomura (22, 23 though the basic mechanism that transmits the biological information inherent in the colicin molecule appears analogous for all colicins, the biochemical manifestations of the transmission are remarkably colicin-specific. For example, colicin E3 specifically inhibits protein synthesis (16, 24, 29) , whereas colicins El, K, I, and A interfere primarily with energy metabolism (6-8, 13, 19, 22, 24) . The primary target in the case of colicin E2 appears to be deoxyribonucleic acid (DNA; reference 22) , and Ringrose (27) distinguishes at least three target-specific, sequential SWIFT AND WIBERG occurs almost immediately after addition of colicin E2 to Escherichia coli and involves the introduction of single-strand nicks into the DNA.
(ii) After a slight lag, stage II converts the DNA to double-stranded fragments; and (iii), still later, an exonuclease rapidly converts the doublestranded fragments to acid-soluble form. Increasing the multiplicity of colicin E2 increases the rate at which the DNA is degraded (24) . Since chloramphenicol (CM) does not diminish the solubilization of DNA induced by colicin E2, it is apparent that preexisting E. coli nucleases are responsible for the observed activity (22) .
It has been observed that colicins K and E3 interfere with replication of phage T4, whereas colicin E2 does not; this was interpreted to mean that T4 DNA is spared from the nucleolytic activities induced by colicin E2 (22) . We (34) . All other bacteriophage and bacterial strains used, as well as the procedures for the construction of multiple mutants, the preparation of phage stocks, and the assay procedures for viable phage and bacteria have been described previously (17, 18, (34) (35) (36) .
Growth and dilution media. All bacteria were grown and infected in GCA, the glycerol-Casamino Acids medium of Fraser and Jerrel (9) . Dilution broth is nutrient broth (Difco) in 0.5%,0 NaCl. The composition of the M9 buffer solution is 49 mm Na2HPO4, 22 Radioisotopic labeling and determination of the breakdown of DNA. The bacterial DNA was labeled by the procedure described by Kutter and Wiberg (17, 18) . The degradation of DNA was determined by measuring the residual 3H-dT in cold trichloroacetic acid-insoluble material by using the variation of Bollum's filter paper technique (1) described by Hercules et al. (11) . Degradation measured this way is termed "solubilization" in this paper.
Purification of intact phage. To eliminate contamination of the concentrated phage stocks by phage ghosts (DNA-less phage), a portion of the concentrated stock was layered onto a 4.8-ml linear gradient (0 to 99%) of deuterium oxide and water in 0.1 M sodium-potassium phosphate buffer (pH 7.7) and centrifuged at 32,000 X g for 20 min at 4 C in a Spinco SW39 rotor. After centrifugation, the bottom of the centrifuge tube (cellulose nitrate, Beckman) was punctured, and 28 When a large number of samples was to be titered for E2, an adaptation of the colorimetric method of Shannon and Hedges (30) to the Technicon Autoanalyzer was used.
Measurement of the effect of phage infection on the adsorption of E2 to E. coli B. E. coli B was grown to a concentration of 5 X 108 cells per ml. The culture was resuspended in the same volume of chilled GCA medium containing BSA at a final concentration of 2 mg/ml. The BSA prevents nonspecific inactivation of colicin E2 during incubation at 37 C (21) . Portions of the resuspended culture were prewarmed for 5 min at 37 C on a gyratory shake bath before infection with phage [42, 46, 47] at a multiplicity of 5 or with a sham equivalent to the volume of GCA medium used for infection. The latter sham addition provides the control uninfected culture. After 10 min of incubation at 37 C, portions of the cultures to be used for the preparation of supernatant fluids were removed and chilled. To the remaining portions of the uninfected or [42, 46, 47]-infected cultures, E2 was added to give a final concentration of 2 X 1010 killer particles per ml. Shaking was continued at 37 C. At 2-min intervals, 1-ml samples were withdrawn and immediately centrifuged at 150,000 X g for 1 min in an Eppendorf centrifuge, model 3200. The supernatant fluid was then decanted into a test tube and chilled on ice. The entire sampling procedure required 90 sec to complete. All sampling was done in a 5 C cold room. Supernatant fluids were prepared from the uninfected and [42, 46, 47]-infected cultures collected just prior to the addition of E2 by centrifugation at 10,000 X g for 30 min at 4 C. These supernatant fluids were tested for "apparent" adsorption of E2 in a manner identical to that used for the cultures. Unadsorbed colicin E2 was assayed by the automated colorimetric bioassay described above. E. coli B/4 was used as the sensitive bacterium in the bioassay to preclude any killing by unadsorbed phage.
RESULTS
Inhibition of colicin E2-induced DNA solubilization by phage infection. (i) Simultaneous infection with T4 mutants defective in genes 42, 46, and 47. Amber mutants of phage T4D that are defective in genes 46 or 47, or both, fail to degrade the DNA of the nonpermissive host E. coli B to acid-soluble form (34) . In addition, phage DNA synthesis virtually ceases at about 15 min after infection at 37 C (5, 36) . When the present studies were begun, it was not clear to what extent the failure to degrade host DNA contributed to the arrest of phage DNA synthesis and the markedly reduced phage production by these mutants. [Recently, mutants in a gene far removed from 46 and 47 have been isolated (11, 33) that produce normal or near-normal yields of phage, despite their inability to degrade host DNA.] During an attempt to answer this question by testing whether E2 could phenotypically "rescue" mutants in genes 46 and 47, we observed that the DNA solubilization normally induced by E2 was virtually abolished in E. coli B infected with these phage mutants. This effect is shown in Fig. 1 (14, 27 inhibition should be independent of the interval between E2 addition and phage infection. As shown in Fig. 2 (Fig. 1, 3 (Fig. 4B) . These results suggest that the E2-induced phenotypic suppression of denA mutants is inhabitable by phage infection but that the inhibition requires a finite interval to become fully developed. to the cell. This experiment does not eliminate the possibility that after initial adsorption of E2, T4 causes its desorption in an inactive form. Effect of CM. It has been assumed so far that the T4-inhibition of E2-induced DNA solubilization is dependent on protein synthesis. To determine to what extent protein synthesis is required, we tested for the inhibition in the presence of CM. Although CM does not alter the solubilization of DNA induced by E2 (22) , it completely blocks the phage-directed solubilization if added before or shortly after infection (2; Fig. 6 ). Therefore, when E2 and phage are added to E. coli B in the presence of CM, solubilization of DNA can be attributed solely to E2. There is clearly some inhibition of E2-induced solubilization that is insensitive to CM (Fig. 6) shown), perhaps by a mechanism similar to that involved in the inhibition observed in the presence of CM by intact phage. Further details concerning the inhibition by intact phage in the presence of CM and by ghosts will be presented is a subsequent report. DISCUSSION We have observed that infection of E. coli B with [42, 46, 47] virtually abolishes the solubilization of bacterial DNA induced by E2, and that the inhibition appears to consist of both CM-sensitive and -insensitive mechanisms; we do not know that the CM-insensitive mode of inhibition is operative in the absence of CM. Infection of E. coli B with [42, 46, 47] in the absence of CM does not interfere with adsorption of E2 to E. coli B (Fig. 5) . The present results do not allow us to distinguish between the two most likely general mechanisms of action of the inhibitory factor: (i) direct action at the membrane, e.g., to reverse the presumed conformational change induced by E2, which, in turn, would reverse the activation of the nucleases. Such a mechanism would have to differ, at least in some respects, from that operating when trypsin is used to remove E2, since trypsinization does not stop solubilization once it has begun (14, 27) , whereas [42, 46, 47] does (Fig. 2) or (ii) direct inhibition of the net nucleolytic activity induced by E2.
That the inhibition of E2 by [42, 46, 47] (Fig. 1) . Second, the mutant [42, denA], which is wild-type with respect to genes 46 and 47, also causes measurable inhibition of E2 provided that it is added 5 or 10 min before the colicin (Fig. 4A) (Fig. 2) , it is still greater than the inhibition produced by an equal multiplicity of [42, denA] in the presence of CM (Fig. 6) The preceding interpretation assumes that the inhibition of E2 observed in the absence of CM is directed at both endonucleolytic and exonucleolytic stages. This possibility currently is being investigated directly by means of zone-sedimentation studies in sucrose gradients, and results will be reported in a subsequent publication.
It is interesting that Tanner and Oishi (32) have recently reported that infection of E. coli with phage T4 rapidly diminishes an adenosine triphosphate-dependent deoxyribonuclease and that this inhibition does not occur in the presence of CM. The deoxyribonuclease investigated by Tanner and Oishi is equivalent to the activity reported missing in rec B and rec C mutant strains of E. coli (10) . Since E2 is capable of inducing DNA solubilization in these strains (14) , it is clear that inhibition of this adenosine triphosphate-dependent nuclease does not account entirely, if at all, for the diminution of E2-induced DNA solubilization by phage infection. It appears likely, therefore, that several other E. coil deoxyribonucleases may be subject to inhibition by phage infection.
